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Fluorescence quenchingThe functional domain size for efﬁcient excited singlet state quenching was studied in artiﬁcial aggregates of
themain light-harvesting complex II (LHCIIb) from spinach and in native thylakoidmembranes by picosecond
time-resolved ﬂuorescence spectroscopy and quantum yield measurements. The domain size was estimated
from the efﬁciency of added exogenous singlet excitation quenchers—phenyl-p-benzoquinone (PPQ) and
dinitrobenzene (DNB). The mean ﬂuorescence lifetimes τav were quantiﬁed for a range of quencher
concentrations. Applying the Stern–Volmer formalism, apparent quenching rate constants kq were
determined from the dependencies on quencher concentration of the ratio τ0av/τav, where τ0av is the average
ﬂuorescence lifetime of the sample without addition of an exogenous quencher. The functional domain size
was gathered from the ratio kq′/kq, i.e., the apparent quenching rate constants determined in aggregates (or
membranes), kq′, and in detergent-solubilised LHCII trimers, kq, respectively. In LHCII macroaggregates, the
resulting values for the domain size were 15–30 LHCII trimers. In native thylakoid membranes the domain
size was equivalent to 12–24 LHCII trimers, corresponding to 500–1000 chlorophylls. Virtually the same
results were obtained when membranes were suspended in buffers promoting either membrane stacking or
destacking. These domain sizes are orders of magnitude smaller than the number of physically connected
pigment–protein complexes. Therefore our results imply that the physical size of an antenna system beyond
the numbers of a functional domain size has little or no effect on improving the light-harvesting efﬁciency.ircular dichroism; DAS, decay-
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The light-harvesting antenna systems, which are essential func-
tional constituents of all photosynthetic organisms, maximize the
efﬁciency of photosynthetic light utilization by delivering excitation
energy to the reaction centres (RCs), thus expanding the effective
absorption cross-section of the photosynthetic unit [for reviews,
see 1]. Generally the photosynthetic membrane is organized such that
several antenna units serve one RC complex, which implies that
excitation energy transfer (EET) between the antenna complexesmust occur without signiﬁcant losses. In higher plants the most
abundant antenna is the major light-harvesting complex II (LHCII),
which is present in ratios of four or more trimers per photosystem II
(PSII) core complex dimer [2]. The PSII–LHCII supercomplexes can be
arranged in large ordered domains in the granal thylakoids [3].
Ordered LHCII domains with diameters of hundreds of nanometers
have been also observed [4,5]. These physical domains contain
thousands of pigments. At present it is not clear as to what extent
the excitation energy can migrate in these big LHCII domains. The size
of the functional domain, i.e., the number of pigments which are
connected via EET, depends on the excited-state lifetime and on the
time of EET between the pigments of this entity. Isolated LHCII in vitro
easily form large, ordered domains [6], which share remarkable
similarities with the native thylakoid membrane [7]. Fluorescence
lifetime imaging (FLIM) data led to the conclusion that during state
transitions of chloroplasts in vivo LHCII complexes form larger
domains characterized by ﬂuorescence lifetimes shorter than those
of LHCII trimers [8]. Together with thylakoid membranes, various
isolated LHCII preparations have been used as a model for studying
the energy migration within and between photosynthetic antenna
units.
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been shown to explain the sigmoidal shape of the ﬂuorescence
induction transient and the lake model was proposed which assumes
that the reaction centres are embedded in a network of intercon-
nected antennae [9–13]. According to the concept of connected
photosynthetic units [14] the functional domain size of the light-
harvesting antenna is larger than the number of pigments in one PSII
unit. There have been a number of attempts to estimate the domain
size in thylakoids and in isolated LHCII preparations. A common
approach is to study excitation annihilation, that is the “diffusive”
interaction between two electronically excited (singlet or triplet
states) molecules which results in the nonradiative dissipation of one
excitation [15]. If two different pigments in one domain are
simultaneously excited, then quenching by annihilation leads to a
shorter excited-state lifetime. Theories relating the excited-state
lifetime with the domain size have been put forward [16]. Kolubayev
et al. [17] have estimated domain sizes in thylakoids and isolated
LHCII of at least 200–250 Chl molecules by measuring the relative
ﬂuorescence yield as function of excitation intensity indicating
singlet-triplet quenching. Gillbro et al. [18] followed the singlet-
singlet annihilation in LHCII aggregates by means of picosecond
absorption thus conﬁrming this minimal value for the domain size
and a hopping time between trimers of 1–5 ps. These results are in
good agreement with subsequent singlet-singlet annihilation studies
of Barzda et al. [19,20], who estimated a hopping time of 4 ps. Barzda
et al. [19] also calculated a value of 640 Å for the radius of excitation
migration, which corresponds to a much larger number of Chl
molecules. However, Schödel et al. [21] clearly showed for LHCII
that experimental data on ﬂuorescence quenching due to high laser
pulse energies in pigment–protein complexes containing strongly
coupled pigments cannot always be interpreted by annihilation. A
theoretical analysis of these experimental data by Richter et al. [22]
revealed that the reduced ﬂuorescence quantum yield at high laser
pulse energies originates from an effect denoted as “Pauli-blocking” of
radiative decay channels in solubilised LHCII trimers rather than from
annihilation effects in aggregates. Therefore careful data interpreta-
tion is required to avoid misleading conclusions. Long-range excita-
tion energy transfer has also been demonstrated by ﬂuorescence
microscopy [23] but this technique is relatively limited to large
domain sizes and efﬁcient transfer, mostly in artiﬁcial systems.
It is well established that LHCII plays a major role in the non-
photochemical dissipation of excess-light energy [24,25]. Aggregates
of isolated LHCII have a dramatically reduced excitation lifetime
[26,27] and have been proposed to act in the excitation quenching in
vivo [28–30]. Presently there are different views on the mechanism of
quenching in aggregated LHCII [29–32]. One point that has been a
matter of debate is whether aggregation forms new quenching
centres in most or all antenna complexes or if the overall quenching
is a result of the increased domain size while no or only few new
quenching sites are formed [33,34].
The various effects that lead to differences in the dependency on
excitation light intensity of the ﬂuorescence quantum yield require
suitable complementary approaches to investigate the domain size in
LHCII aggregates to achieve comparable results from different
experiments. In this work we complement the annihilation-based
estimates of the functional domain size by using an alternative
approach, which is based on measurements of the changes in lifetime
of the ﬁrst excited singlet state of chlorophyll due to the addition of
exogenous quencher molecules. Artiﬁcial singlet quenchers, like
dinitrobenzene (DNB), have been earlier used to emulate non-
photochemical quenching in thylakoids [35,36]. Here we apply a
similar approach for a different purpose, i.e., we compare the efﬁciency
of the two exogenous quenchers, phenyl-p-benzoquinone (PPQ) and
DNB, in aggregated and solubilised LHCII in order to evaluate the
energetic connectivity in aggregates. We further compare different
types of isolated LHCII and native thylakoid membranes with respectto the estimated functional domain size. The results show that the
same degree of quenching in thylakoids and aggregates is achieved at
much lower quencher concentrations compared to solubilised LHCII.
The theoretical basis and limitations of the method are discussed.
2. Materials and methods
2.1. Sample preparation
2.1.1. Isolation of LHCII trimers
PSII-enriched membrane fragments were isolated from spinach
according to Berthold et al. [37] with some modiﬁcations [38] and
frozen until use. Suspensions of these preparations at about 1 mg/ml
Chl were solubilised with 1% β-dodecyl maltoside (β-DM) for 30–
60 min on ice. After pelleting the non-solubilised material the sample
was loaded on sucrose gradient, prepared by repetitive freezing and
thawing of 0.35 M sucrose in 5 mM tricine buffer+0.1% β-DM, pH 7.8.
The samples were centrifuged in a swing-out rotor at 150,000g for
18 h. Fractions of the gradient containing the LHCII trimer and
monomer bands were collected separately.
2.1.2. Preparation of aggregates
Solubilised LHCII was aggregated by removing the detergent using
latex beads (Bio-beads SM4, Bio-Rad). LHCII suspensions at 20–
50 μg/ml Chl in 20 mM Tricine buffer were incubated with 200 mg/ml
Bio-beads for at least 2 h and decanted after sedimenting the beads.
2.1.3. Isolation of LHCII macroaggregates
Lamellar macroaggregates of LHCII were isolated from spinach
thylakoid membranes according to Krupa et al. [39] with modiﬁca-
tions by Simidjiev et al. [40].
2.1.4. Isolation of thylakoid membranes
Fresh market spinach leaves were homogenized in 50 mM HEPES
(pH 7.8), 400 mM NaCl, 2 mM MgCl2, 2% BSA, ﬁltered through nylon
cloth and centrifuged for 3 min at 4500 g. The pellet was resuspended
in 20 mM HEPES (pH 7.5), 150 mM NaCl, 5 mM MgCl2, 2% BSA,
homogenized and centrifuged for 5 min at 4500g. The ﬁnal pellet was
resuspended in 20 mM HEPES (pH 7.5), 400 mM sorbitol, 150 mM
NaCl, 5 mMMgCl2 and frozen in liquid nitrogen at concentration of 2–
3 mg/ml Chl with 10% glycerol.
2.2. Time-resolved ﬂuorescence measurements
The ﬂuorescence lifetimes of the LHCII preparations were
determined with picosecond resolution using a time-correlated
single-photon counting setup with 16 wavelength channels (PML
16-C and SPC-530, Becker & Hickl, Germany, see 41]). The ﬂuores-
cence was excited by ps pulses from a 632 nm diode-laser (BHL-635, 1
pJ pulse energy, 20 MHz repetition rate, ~65 ps FWHM). Essentially
the same results could be obtained using 405 nm excitation laser
pulses (BHL-405, Picoquant, Berlin, 8 MHz repetition rate, ~60 ps
FWHM). After passing through the sample, the excitation light was
blocked by a long-pass ﬁlter (LP 640 or LP 430, depending on the laser
used) and ﬂuorescence was detected at multiple wavelengths in the
range of 600–800 nm simultaneously. The decays for eachwavelength
channel were stored in 4096 time channels (10 ns time window). The
samples were diluted to 10 μg/ml in 20 mM Tricine, pH 7.8,
corresponding to A632=0.2. For testing solubilised trimers and
monomers, the buffer solution contained in addition 0.06% β-DM.
Thylakoid membranes were diluted in 20 mM Tricine or HEPES (pH
7.5), 400 mM sorbitol, 150 mM NaCl, 5 mM MgCl2. In addition, 10 μM
DCMU was added to close the PSII RCs. For unstacking experiments
sorbitol and salts were omitted. The measurements were performed
at 20 °C in a glass cuvette of 1 cm optical pathlength in a thermostated
cuvette-holder. The ﬂuorescence was registered until ca. 10 000
Fig. 1. Fluorescence decay kinetics of solubilised LHCII trimers (A) andmacroaggregates
(B) in the presence of different concentrations of PPQ (indicated on the graph in μM).
The ﬂuorescence is excited at 632 nm and detected at 682 nm.
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ﬂuorescencedecayswere analysed by iterative reconvolutionof amulti-
exponential decay model with the instrumental response function
(IRF) using a global lifetime analysis ﬁt routine minimising the
quadratic error sumχ2 employing a Levenberg–Marquardt algorithm
[for details see 41]. The IRF was measured using distilled water
containing 0.2%milk as scatteringmedium. The ﬁts of all decay curves
measured in one time- and wavelength resolved ﬂuorescence
spectrum were performed as global ﬁts with common values of
lifetimes τj (linked parameters) for all decay curves and wavelength-
dependent pre-exponential factors Aj(λ) (non-linked parameters).
The result of such a ﬁt analysis is usually plotted as a graph of Aj(λ) for
all wavelength independent lifetimes τj representing the decay-
associated spectra (DAS) which reveal the energetic position of
individual decay components [for details see 41].
The functional domain size was estimated by determining the
ﬂuorescence lifetimes of the aggregated and solubilised samples at
different concentrations of singlet excitation quenchers. Either
phenyl-p-benzoquinone (PPQ) or dinitrobenzene (DNB) was used as
a quencher. The compounds were added to the diluted sample to a
given ﬁnal concentration of 10 mM ethanol solutions and the
ﬂuorescence decay was measured. The ﬁnal concentration of ethanol
did not exceed 5% and controls were performed to check that ethanol
alone does not inﬂuence the results.
2.3. Steady-state ﬂuorescence measurements
Relative ﬂuorescence yields were measured using PAM ﬂuorom-
eter (Walz).
2.4. Atomic force microscopy
To determine the aggregate size, LHCII samples were diluted to
10 μg/ml Chl and immobilized on glass cover slips pre-coated with
poly-L-lysine. Images were taken with an atomic force microscope
(Nano-R AFM, Paciﬁc Nanotechnology, LOT) in close-contact mode.
3. Results and discussion
3.1. Fluorescence decay kinetics of LHCII trimers and aggregates
Fig. 1 shows typical ﬂuorescence decay curves of LHCII trimers
isolated by sucrose gradient centrifugation (SGC) (panel A) and of
LHCII macroaggregates in the presence of different quencher con-
centrations of PPQ (panel B). In this and the following ﬁgures, only the
results obtained with one quencher, PPQ, are shown for illustration.
The second quencher, DNB, had similar qualitative effects on the
ﬂuorescence parameters (see Supplementary Data) and the quanti-
tative differences are summarized in the tables. In the absence of an
exogenous quencher, the ﬂuorescence decay kinetics of solubilised
LHCII trimers appear mostly single-exponential with lifetimes of 3.3–
3.6 ns (see Fig. 2) which are considerably longer than those of any
aggregated sample. Inspection of these data revealed: (i) upon
addition of PPQ (or DNB) the decay kinetics gradually accelerate
due to the appearance of components with faster lifetimes, concom-
itant with slight acceleration of the lifetime of the main decay
component; (ii) the ﬂuorescence kinetics of LHCII aggregates in the
absence of exogenous quenchers are much faster than those of the
trimeric LHCII quenched with PPQ (or DNB); (iii) the ﬂuorescence
decay of LHCII aggregates is further accelerated by the addition of
quencher.
A comparable degree of acceleration of the decay in aggregated
LHCII was achieved at PPQ concentrations that are roughly one order
of magnitude lower compared to the concentration required for
induction of the same effect in LHCII trimers. This result indicates thatthe domain size of aggregates must be markedly larger compared to
trimers.
3.2. Global multi-exponential analysis
For a quantitative description the decay curves, simultaneously
detected at up to 8 wavelength sections in the range from 657 to
744 nm, were analysed by global multi-exponential ﬁt. Satisfactory ﬁts
of the ﬂuorescence decay kinetics of LHCII trimers in the absence of an
exogenous quencher could be obtained by using one-exponential
component of ca. 3.3–3.6 ns and, when necessary, an additional 50–
100 ps lifetime component of much smaller amplitude. In the presence
of exogenous quenchers new shorter-lived components emerged in
addition to the main 3 ns lifetime and consequently the overall kinetics
became faster. The DAS are shown in Fig. 2A for several concentrations
of PPQ. At concentrations of 50–100 μMPPQ the additional components
had lifetimes of ca. 200 ps and 1 ns and their spectra were nearly
identical to the main LHCII emission spectrum. Evidently binding of the
quencher did not considerably alter the environment of the emitting
chlorophylls.With increasing quencher concentrations theﬂuorescence
kinetics became gradually faster due to slight decrease of the lifetimes
together with pronounced changes of the relative amplitudes of the
decay components (see Fig. 2B). The lifetime of the main component
remained almost invariant (3.3 ns) to addition of the quencher while
the lifetimes of emerging faster decay components gradually decreased,
e.g., from 220 ps at 0.1 mMPPQ to 110 ps at 0.4 mM. Most importantly,
the relative amplitude of the shortest lifetime increasedwith increasing
PPQ concentration at the expense of the long (3.3 ns) lifetime
component. This characteristic feature is indicative of a predominantly
static quenching (see Appendix). The effect of DNB is qualitatively
Fig. 2. (A) Selected decay-associated spectra (DAS) of solubilised LHCII trimers in the
presence of different concentrations of PPQ (indicated on the plots), obtained from
global lifetime analysis of the ﬂuorescence kinetics. (B) Dependence of the amplitudes
at 682 nm and the lifetimes of the ﬂuorescence decay components on the concentration
of PPQ.
Fig. 3. (A) Selected DAS of LHCII macroaggregates isolated after [39] in the presence of
different concentrations of PPQ (indicated on the plots), obtained from global lifetime
analysis of the ﬂuorescence kinetics. (B) Dependence of the amplitudes at 682 nm and
the lifetimes of the ﬂuorescence decay components on the concentration of PPQ.
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to the addition of exogenous quenchers were longer (1–1.5 ns, not
shown) and as a result the overall ﬂuorescence quenching was not as
efﬁcient as with PPQ.
In LHCII aggregates, the ﬂuorescence decay kinetics were ﬁtted
with at least two exponential components with lifetimes usually
ranging from 150 to 250 ps and 500 to 600 ps. In all cases the average
ﬂuorescence lifetime (Table 1) of the aggregates at 682 nm was
drastically shorter (on average by a factor of 9) than the lifetime of
solubilised trimers, and the variation among different preparations
wasmuch larger. Lamellar macroaggregates isolated by the procedure
of Krupa et al. [39] exhibited slightly longer average ﬂuorescence
lifetimes compared to aggregates prepared by removal of the deter-
gent with Bio-beads.
Representative DAS of LHCII macroaggregates are shown in Fig. 3A
for measurements in the absence (control) and presence of the
quencher PPQ. As with solubilised LHCII, with increasing quencher
concentration the relative amplitude of the short-lived component
increased at the expense of the long-lived component and in parallel
their lifetimes decreased (Fig. 3B). This resulted in the gradual
decrease of the mean ﬂuorescence lifetime down to below 100 ps
(with more than 50 μM PPQ). DNB was less efﬁcient in quenching the
LHCII aggregates but the effect on the ﬂuorescence decay was
qualitatively very similar to that of PPQ (data not shown).Table 1
Mean ﬂuorescence lifetimes (τav) of LHCII trimers and aggregates at 682 nm.
LHCII type τav (ns) σ⁎ n
Solubilised trimers 3.53 0.19 4
Aggregates 0.41 0.20 8
Aggregates (Bio-beads) 0.32 0.10 3
Lamellar macroaggregates 0.46 0.24 5
⁎ σ, standard deviation; n, number of replicates.3.3. Estimation of the domain size from Stern–Volmer plots
For a homogeneous ensemble of unconnected units (no EET
between antenna units) the excited-state lifetimes in the absence and
presence of quenchers, τ0 and τ, respectively, are
τ0 =
1
kf + kd
and τ=
1
kf + kd + kq½Q 
ð1Þ
where τ0 and τ are the excited-state lifetimes without and with added
quenchers, respectively, kf and kd are the rate constants for ﬂuorescence
emission andnonradiative deactivation, kq is thebimolecular quenching
rate constant and [Q] is the quencher concentration.
Rearrangement of these relations leads to the Stern–Volmer
equation
τ0
τ
= 1 +
kq½Q 
kf + kd
= 1 + KSV½Q  ð2aÞ
where KSV=kq τ0 is the Stern–Volmer constant. Eq. (2a) is derived for
the case of dynamic quenching, a formally analogous expression can
be obtained for static quenching (see Appendix A).
In a homogeneous ensemble consisting of domains formed by N
strongly interacting units, which are connected via efﬁcient EET, the
rate constants kf, kd and kq are different, symbolized by indices ′, thus
giving rise to a corresponding Stern–Volmer equation
τ′0
τ′
= 1 +
k′q½Q 
k′f + k′d
= 1 + K′SV½Q  ð2bÞ
In this case, the quencher molecules can be regarded as acting
upon the entire domain. As a consequence, the effective quencher
concentration would be higher than the actual concentration [Q] and
proportional to N provided that the EET within the domain is
signiﬁcantly faster than the quenching rate kq[Q]. If we assume that
Table 2
Apparent quenching rate constants kq (a) and ratios kq1/kq2 (b) of two different
quenchers, PPQ and DNB, in isolated LHCII of different oligomerization states.
(a)
Quencher LHCII type kq (M−1 s−1)
PPQ Aggregates (Bio-beads) 9.7×1013
Lamellar macroaggregates 8.3×1013
Aggregated LHCII monomers 4.8×1013
Trimers 3.3×1012
Monomers 1.5×1012
DNB Aggregates (Bio-beads) 3.0×1012
Lamellar macroaggregates 4.9×1012
Trimers 0.2×1012
(b)
Quencher kq1 kq2 kq1/kq2
PPQ Aggregates (Bio-beads) Trimers 30
Lamellar macroaggregates Trimers 25
Aggregated LHCII monomers Monomers 31
Trimers Monomers 2.7
DNB Aggregates (Bio-beads) Trimers 15
Lamellar macroaggregates Trimers 25
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and unconnected system, then the apparent quenching rate constant
in the aggregated system can be approximated by kq′=N·kq in the
limit for an inﬁnitely fast EET within the domain. (The domain size
accessible for the EET during the lifetime of the excited singlet state in
the system of connected subunits was simulated by a model of rate
equations in order to analyse effects of limited EET hopping rate as
discussed in the Appendix.)
When using this simple assumption the domain size is obtained
from the ratio kq′ /kq:
N =
k′q
kq
=
K′SV
KSV
⋅ τ0
τ′0
ð3Þ
where the rates kq and kq′ are determined from the Stern–Volmer plots
by kq=KSV/τ0 and kq′=KSV′ /τ0′ .
The above relations are derived for the case of dynamic quenching
of homogenous ensembles with mono-exponential decay kinetics. In
reality, however, this condition is not satisﬁed for LHCII ensembles:
the quenching is not expected to be a pure dynamic process and the
samples are heterogeneous. As a consequence, the ﬂuorescence decay
is multi-exponential F t;λð Þ = ∑
n
i=1
Ai λð Þe −t =τið Þ and characterized by
an average lifetime τav which is calculated as
τav λð Þ =
∫∞
0
F tð Þdt
F 0ð Þ =
−∑
n
i=1
τiAi λð Þe −t =τið Þ
 ∞
0
∑
n
i=1
Ai λð Þ
=
∑
n
i=1
Ai λð Þτi
∑
n
i=1
Ai λð Þ
ð4Þ
τi and Ai(λ) and denote the lifetime and wavelength-dependent
normalized amplitude, respectively, of the i-th decay component.
The Stern–Volmer constants and the apparent quenching rate
constants kq were found for each sample type by plotting τ0av/ τav
against the quencher concentration and determining the slope by
least squares linear ﬁt. Stern–Volmer plots obtained with PPQ are
represented in Fig. 4 for LHCII trimers and lamellar macroaggregates.
Linearity of the Stern–Volmer plot was obtained within satisfactory
limits for each set of measurements. We expect that in aggregates
where the LHCII trimers are interconnected via sufﬁciently fast EET
the effective quenching rate will be higher compared to isolated
solubilised trimers and therefore permit a reliable estimation of the
“domain size” from the ratio between the quenching rate constants of
aggregates and of solubilised trimers (see Eq. (3)). When taking into
account the error of the measurement and the variability between
sample batches we arrive at an approximated limit of the functional
domain size of isolated LHCII aggregates in a range between 15 and
30 trimers (or 600–1200 chlorophylls). Table 2a compiles kq and kq′
values and Table 2b the corresponding ratios of different sample
material.Fig. 4. Stern–Volmer plots of the ﬂuorescence quenching by PPQ in trimers and
macroaggregates of LHCII. The quenching is calculated as τ0av/τav where τav and τ0av are
the average ﬂuorescence lifetimes at 682 nm with and without quencher, respectively.
Larger standard error values are indicated with bars.Aggregates of LHCII were prepared by two isolation procedures,
which could result in different structural organization. Removal of the
detergent from micelle-embedded LHCII trimers using Bio-beads
yielded aggregates with a diameter of ≥1 μm, as conﬁrmed by AFM
studies (Fig. S1). Such aggregates usually have disordered structure
and have shown to exhibit circular dichroism (CD) spectra that are
only slightly altered compared to the spectrum of LHCII trimers [42].
In contrast, the preparations obtained by using the method of Krupa
et al. [39] contain typically larger conglomerates (1–20 μm)composedof
several layers of membrane-like sheets [40]. The CD spectra of these
samples are rather different from those of the LHCII trimers and resemble
more the CD spectra of thylakoidmembranes [7].We testedwhether the
functional domain size in such preparations is also larger and found that
the determined kq values for the two types of aggregates were not
signiﬁcantly different, i.e., about 9·10−13 M−1 s−1, which is 25–30 fold
higher than for solubilised trimers. The quenching rate was not changed
in the presence or absence of cations (5 mMMgCl2+20 mMKCl), which
are supposed to enhance stacking. Furthermore, we tested batches of
lamellarmacroaggregates varying in thedegree ofmacrostructural order,
as judged by the amplitude of the psi-type CD bands, attributed to the
long-range chiral order of the chromophores [4], but foundno signiﬁcant
differences (not shown). The magnitude of psi-type CD has been shown
to vary parallelwith thephysical size of the ordereddomains, as reﬂected
in the magnitude of their diamagnetic anisotropy; the differences in size
could be as large as two orders of magnitude [4].
The quenching rate constants for DNB were an order of magnitude
lower than for PPQ. In the case of DNB the kq ratios of Bio-beads
aggregates and lamellar macroaggregates to solubilised trimers were
15 and 25, respectively, but these differences are not statistically
signiﬁcant.3.4. Steady-state relative ﬂuorescence yield and polarization ratio
The average lifetime τav in the presence of a quencher is
proportional to the ﬂuorescence yield, i.e., τ0av/τav=Φ0/Φ where τ0av
and Φ0 denote the average lifetime and the quantum yield in the
absence of a quencher (except for purely static quenching where the
relationship between ﬂuorescence quantum yield and lifetime can be
broken). Therefore as a complementary approach we followed the
quenching in aggregates by measuring the relative ﬂuorescence yields
Φ0/Φ using a pulse-amplitude modulated (PAM) ﬂuorometer. Stern–
Volmer plots of the relative ﬂuorescence yields measured in LHCII
trimers andmacroaggregates with different concentrations of PPQ are
Fig. 5. (A) Decay-associated emission spectra of stacked thylakoid membranes in the
presence of different concentrations of PPQ (indicated on the plots), obtained from
global lifetime analysis of the ﬂuorescence kinetics. (B) Dependence of the amplitudes
at 682 nm and the lifetimes of the ﬂuorescence decay components on the concentration
of PPQ.
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within the used concentration range of 10–50 μM and result in an
estimated ratio of 35 for the quenching rate constants of aggregates to
trimers.
In parallel with the quenching of the integral ﬂuorescence, the
ﬂuorescence polarization ratio (FP) of magnetically aligned isolated
LHCII aggregates also decreased from 1.4 in the aggregates without
quencher to 1.3 at 100 μM PPQ and 1.2 at 400 μM PPQ (Fig. S6). Since
the extent of magnetic orientation of anisotropic particles depends on
their size and internal order, i.e., the physical size of the ordered
domains, the ﬂuorescence polarization ratio measured in the presence
of an external magnetic ﬁeld is an indicator of the physical domain
size of the ﬂuorescing particles containing ordered arrays of the
complexes. If such domains can be quenched by a single (or few)
quinone molecule, it is expected that with increasing quinone
concentration the larger domains will be quenched preferentially
and the ﬂuorescence polarization ratio should decrease. In contrast,
the preferential quenching of disordered or small aggregates would
lead to an increase in the measured FP.
3.5. Quenching in monomers
The monomeric fraction of LHCII taken from the sucrose gradients
was also tested against PPQ to probe the efﬁciency of the quencher on
LHCII monomers. This fraction is normally enriched with the minor
antenna complexes, LHCIIa, LHCIIc and LHCIId. Without additional
quencher the ﬂuorescence of the monomers decayed with two
lifetime components −3.5 ns (80%) and 1.2 ns (20%), resulting in an
average lifetime of about 3.2 ns. As in the case of trimers, a third
component with lifetime of 100–300 ps appeared in the presence
of PPQ and its contribution increased with quencher concentration
(Fig. S3). The average lifetime was 1.1 ns at 0.4 mM PPQ.
As a test of our methodology for its usefulness in providing reliable
estimates of the domain size, the solubilised LHCII trimers were
compared with the fraction of LHCII monomers taken from the same
sucrose gradient. The estimated quenching rate constant kq in the
monomers was lower by a factor of 2.7 compared to LHCII trimers.
This ﬁnding strongly supports the validity of our approach for
determining the size of pigment–protein domains at least for small
domains.
When the detergent was removed from the suspension of LHCII
monomers, the monomers aggregated, which resulted in shortening
of the ﬂuorescence lifetime to about 200 ps. Addition of PPQ to a
sample of aggregated monomers further quenched the ﬂuorescence
(Fig. S4), as in trimeric LHCII aggregates. Interestingly, the quenching
rate constant in aggregated monomers was 32-fold higher compared
to kq in the monomers in detergent micelles (Table 2). Hence, the
domain size in aggregates of monomeric LHCII (about 400 chloro-
phylls) is smaller compared to aggregates of trimeric LHCII (600–1200
chlorophylls), whichmeans LHCII trimers are needed for maximal EET
efﬁciency.
3.6. Quenching and domain sizes in thylakoid membranes
In order to gain insight into the possible functional domain sizes in
vivo, the above-described quenching analysis was applied to native
thylakoid membranes (“broken” chloroplasts). Since the thylakoid
membranes represent a much more complex system containing
various pigment–protein complexes from different macrostructures,
the results obtained can only be regarded as an approximate reﬂection
of the in vivo situation but the data nevertheless provide a valuable
indication of the true average domain sizes. Representative decay-
associated emission spectra are plotted in Fig. 5 for control thylakoids
and in the presence of PPQ (corresponding data for DNB not shown).
In these measurements reaction centres were closed by addition of
DCMU. The ﬂuorescence decay kinetics were analysed by using threelifetime components. The longer lifetimes, 0.6–0.8 ns and 1.5–1.8 ns
are associatedwith PSII [43,44] and have emission spectra with a peak
around 680 nm, similarly to isolated LHCII (cf. Figs. 2 and 3) but with a
signiﬁcantly broader red-tail due to the PSII core. The shorter-lived
lifetime component (80–150 ps), originating primarily from PSI, but
also having some contribution from the PSII kinetics [43,45,46], has
two maxima at ca. 690 and 720 nm.
With increasing PPQ concentration the relative amplitudes of the
slower PSII-associated ﬂuorescence decay component (Fig. 5B, black
squares) decreased while the contribution from the faster compo-
nents increased. Furthermore, the lifetimes became shorter with
increasing quencher concentration but signiﬁcant changes were
observed only for the two components with longer lifetimes which
are assigned to PSII. Analogous effects were observed with DNB (data
not shown) but in this case higher concentrations (vide infra) were
needed to obtain a comparable effect. The invariance to quencher
concentration of the fastest ﬂuorescence decay component is an
indication of its dominant origin from PSI.
The concentration dependence of the lifetime ratios τ0av/τav was
linear except for the region of lowest quencher concentrations (see
Fig. 6). One reason for this initial non-linearity may be that the
quenchers affect the electron-transport reactions in the thylakoid
membrane. PPQ is known to act as a potential electron acceptor of PSII
and therefore widely used for this purpose, while DNB was found to
interact in a speciﬁc manner with the PSII RC [see 47]. These effects
are saturated at low concentrations. Above a “threshold” concentra-
tion, which differs for PPQ and DNB by a factor of about 10, the plots of
τ0av/τav versus quencher concentration are virtually linear. The Stern–
Volmer constants were gathered from the slopes within the con-
centration range where linearity was fulﬁlled.
The calculated values kq′ = KSV′ /τ0′av in thylakoid membranes are
presented in Table 3. To obtain a reference value for estimation of the
domain size, the quenching rate constant kq was measured in
thylakoid membranes fully solubilised in β-DM. The kq′ /kq ratio of
Fig. 6. Stern–Volmer plots of the ﬂuorescence quenching by PPQ in stacked thylakoids.
The quenching is calculated as τ0av/τav where τav and τ0av are the average ﬂuorescence
lifetimes at 682 nm with and without quencher, respectively. Larger standard error
values are indicated with bars. The bars represent standard error of themean. The linear
ﬁts used for estimating the Stern–Volmer constant KSV were obtained excluding the
zero-value.
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thylakoids to solubilised LHCII trimers was 16. The former value
represents better the average connectivity of all pigment–protein
complexes in the thylakoid membranes and the latter gives a hint on
the domain size in well-deﬁned units, i.e., LHCII trimers. As with
isolated LHCII, the quenching rate constants for PPQ were an order of
magnitude higher than for DNB. For DNB, kq′ in thylakoids exceeded
the corresponding kq value in isolated LHCII trimers by a factor of 12. In
summary, the determined domain sizes in thylakoid membranes were
in the range of 12–23 in units of LHCII trimers, which corresponds to
between 500 and 1000 chlorophylls approximately. Similar experi-
ments were performed also with PSII-enriched membranes [37] using
PPQ as a quencher, which resulted in domain size of 20 LHCII trimers or
ca. 800 chlorophylls (data not shown). A dimeric PSII supercomplex
binds on average about 300 chlorophylls (assuming dimeric PSII core,
six monomeric and four trimeric LHCII in the supercomplex; the exact
total number of chlorophylls would of course vary with the number of
peripheral LHCII). The effective domain size is then estimated to span
2–4 supercomplexes. The numbers are in good agreement with a
domain of 4–5 photosynthetic units, proposed by Trissl and Lavergne
[13], based on modelling of ﬂuorescence induction curves.
In addition to the normal buffer medium (containing sorbitol and
cations) that supports stacking of the thylakoid membranes, we also
tested the same sample in hypotonic low-salt buffer in order to
unstack the membranes. In this case the average ﬂuorescence lifetime
at 682 nm decreased by a factor of two or more due to shorter-lived
PSII ﬂuorescence (Fig. S5). The change is in line with the well-
documented reduction of the PSII ﬂuorescence yield observed upon
Mg2+ depletion [48,49]. This phenomenon is probably a combined
result of the reduced PSII antenna size, energy spill-over between the
two photosystems due to unstacking, but also other cation-inducedTable 3
Calculated apparent quenching rate constants kq in stacked, unstacked and solubilised
thylakoid membranes.
Quencher Test conditions kq (M−1 s−1)
PPQ Stacked thylakoids 5.4×1013
Solubilised thylakoids 2.3×1012
DNB Stacking conditions 2.3×1012
Unstacking conditions 2.3×1012effects on the ﬂuorescence yield [50]. With shortening of the average
ﬂuorescence lifetimes, the measured Stern–Volmer constant de-
creased proportionally and as a result the apparent quenching rate
constant remained virtually unchanged (Table 3). From these data it
could be concluded that stacking of themembranes does not affect the
connectivity of the antenna units, which also implies that there is no
energy transfer between different layers of the thylakoid membrane.
This conclusion is in agreement with the results of Kirchhoff et al. [51]
who found that unstacking of PSII membranes does not decrease the
connectivity parameter, estimated from ﬂuorescence induction
curves, and concluded that no signiﬁcant transversal EET takes place.
3.7. Domains inaccessible to quenchers
The functional domain sizes in LHCII aggregates determined by
quencher titration consist of up to 30 trimeric complexes, corre-
sponding to a two-dimensional crystalline sheet with a diameter of
about 60–70 nm or a three-dimensional, icosahedral, crystal of about
30 nm [52]. In contrast, the physical dimensions of the studied
aggregates are substantially larger, 1–10 μm, as conﬁrmed by AFM
(Supplementary Data). In this case the measured values depend sig-
niﬁcantly on the accessibility of the internal volume of the aggregates
to the quencher molecules. Variations in the estimated functional
sizes may also originate from permeability differences between PPQ
and DNB. However, if a signiﬁcant fraction of the complexes were
inaccessible to the quenchers, the lifetime of the ﬂuorescence decay of
these complexes would remain invariant to increasing quencher
concentration. The results obtained show that in aggregates and
thylakoids all ﬂuorescence lifetimes are shortened by the quenchers
except of the fastest component (see Figs. 3 and 5). The long-lived
components measured in aggregates without quencher were not
foundwhen the quencherwas added. In contrast to that, in solubilised
complexes where not each complex is quenched, the “unquenched”
lifetimes could easily be detected (Fig. 2). This feature is indicative of a
predominantly static type of quenching in solubilised complexes and
all Chlmolecules should be accessible (to different extents) in the case
of aggregates.
It is possible that small oligomers are quenched predominantly and
the larger particles are less affected. To test this idea, we measured the
changes of the ﬂuorescence polarization of magnetically aligned
particles induced by the presence of quencher at different concentra-
tions. If smaller particles were predominantly quenched, the polariza-
tion is expected to increase with quenching. However the observed
changes, although very small, had opposite direction, i.e., there was a
slight decrease of ﬂuorescence polarization with increased quencher
concentration (Fig. S6), indicating the quenching of the ﬂuorescence
originates preferentially from large aggregates. On the other hand,
the fact that ﬂuorescence polarization did not disappear even at the
highest quencher concentration is indicative that not all of the large
aggregates could be quenched. Evidently the quencher could not access
all aggregates or, rather, could not reach all complexes within the
macroaggregates.
4. Concluding remarks
The present study has shown that Stern–Volmer plots of ﬂuores-
cence quenching induced by the exogenous compounds PPQ and DNB
and monitored via lifetime and complementary relative quantum yield
measurements provide reliable data on the functional domain size of
LHCII ensembles in vitro and in vivo. Values of 15–30 LHCII trimerswere
obtained for themaximum functional domains in aggregates formed by
detergent removal and in lamellar macroaggregates. It is important to
note that this number is almost independent of the physical domain size
of the connected LHCII subunits monitored by AFM measurements.
Therefore, the number gathered from using Stern–Volmer relations for
ﬂuorescence quenching by external compounds reﬂects a functional
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the average number of LHCII units which are functionally connected via
efﬁcient EET during the lifetime of the lowest excited singlet statewithin
the ensemble. At present we cannot completely rule out the possibility
that the resulting numbers are due to limitations by the mechanism of
action and the efﬁciency of the used exogenous quenchers. A
hypothetical extreme case in which the results would be unreliable is
examined in Appendix B. However this effect, if existing, seems not to be
relevant because rather similar numbers for the functional domain size
were obtainedwith the different quenchers PPQ andDNB, although their
absolute concentration for achieving the same effect differs signiﬁcantly.
The ﬁnding of a limited functional domain size of 15–30 LHC
trimers inside of artiﬁcially generated LHCII aggregates of a much
larger size (up to 20 μm) is most interesting because the number of
functionally interconnected trimers coincides with a maximum
antenna size of several hundreds of Chl molecules typically proposed
for plant photosynthetic membranes. A typical dimeric PSII super-
complex binds ca. 300 chlorophylls, which, according to our data, is
four times below the maximal limit for the effective domain size. Our
study predicts that excited singlet states in much larger hypothetical
antenna systems would be hardly trapped with high efﬁciency by a
single RC and therefore the physiological structurewould no longer be
optimized to the physical boundaries for the EET radius. It seemsmost
reasonable to assume that the light-harvesting antenna complexes
in plants are adapted to the diffusive excited-state domain size
accessible by a single exciton after light absorption. The physiological
implications of this conclusion remain to be analysed in future studies.
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Appendix A. Static and dynamic quenching
Generally two different mechanisms for the interaction of quencher
Qwith 1Chl⁎ can bedistinguished: (i) dynamic and (ii) static quenching.
In the case of dynamic quenching component Q opens a dissipative
decay channel by collision with 1Chl⁎ with a rate constant kq[Q] and
therefore the ﬂuorescence lifetime is expected to decrease continuously
with increasing quencher concentration. The relations emerging from
this mode of quenching are presented in Results and discussion.
In the case of static quenching the compound Q forms a complex
(CQ) with a pigment in the ground state (C) and CQ exhibits a
ﬂuorescence quantum yield Φ=p Φ0 where Φ0 is the ﬂuorescence
quantum yield of C and pb1 is a measure of the quenching efﬁciency
of Q.
If one assumes that one C can bind N molecules of Q thus forming
an ensemble of complexes CQi (i=1…N) with quenching efﬁciency pi
the following relation is obtained for the ﬂuorescence yield Φ of the
ensemble:
Φ =
C½ 
C0½ 
Φ0 + ∑
i
piΦ0
CQ½ i
C0½ 
ðA:1Þ
where [C0]=[C] +∑
i
CQ½ i represents the total concentration of the
pigment–protein complexes or domains and [CQ]i the forms with
different numbers i of bound quencher molecules. Eq. (A.1) cannot be
solved in a straightforward analytical manner. However, if p1bb1 (the
values of pi are smaller than p1 for all iN1) the sum∑
i
piΦ0
CQ½ i
C0½  can
be approximated byΦmin= 〈p〉Φ0 for [C]→0. In reality 〈p〉 depends on
[Q], however if p1bb1 this dependence can be neglected. Accordingly,only two states C and CQ have to be taken into account and the
quencher binding is characterized by the binding constant Keq:
Keq =
CQ½ 
C½  Q½  ðA:2Þ
If the quencher concentration is large compared to [C0], then [Q]
corresponds to the external quencher concentration and rearrange-
ment of the equations leads to the relation
Φ0
Φ
=
1 + Keq Q½ 
1 + ph iKeq Q½ 
ðA:3Þ
In the case of strong quenching, i.e., 〈p〉⋅Keq [Q]bb1, Eq. (A.3) can be
approximated to result in the Stern–Volmer relationship:
Φ0
Φ
≈1 + Keq Q½  = 1 + KstatSV Q½  ðA:4Þ
where KSV
stat is the Stern–Volmer constant for static quenching.
When using the relation Φ0/Φ = τ0av/τav Eq. (A.4) transforms to
τav0
τav
≈1 + Keq Q½  = 1 + KstatSV Q½  ðA:5Þ
which formally corresponds with Eqns. (2a,b) when replacing τ0/τ by
τ0av/τav.
For domains consisting of N pigment–protein units the Stern–
Volmer constant of the domain KSV
stat (domain) is N.KSV
stat if the EET
between the units is sufﬁciently fast and the afﬁnity of each unit to
binding of Q is not changed by domain formation. In this case the
ﬂuorescencedecay is expected to bemulti-phasicwith amplitudes of the
fast components increasing with increasing quencher concentrations.
Appendix B. Kinetic model calculations
The calculation based on the kq′ /kq ratio is straightforward if the EET
within the domain is inﬁnitely fast, so that a quencher bound to any site in
thedomain canequally trapexcited states that are populatedonanyother
site within the entire domain. A more accurate approach takes into
account the EET rate. We used a kinetic model describing EET and
quenching in a two-dimensional square lattice (network) of intercon-
nected units in order to analyse the effect of the EET rate on kq′ /kq. Each
individualunit in themodel emits lightwith rate constantkf, dissipates the
excitation energywith a rate constant kd or performs reversible inter-unit
EET to any of its immediate neighbours with rate constant kh (hopping
rate). A quencher bound to a unit in the model invokes an additional
deactivation ratewith rate constant kq. Themodel also implicitly assumes
that bindingof thequencher is stable during the excited-state lifetime and
in this sense the quenching type is similar to static quenching.
A system of n×n units is described by n2 ﬁrst-order differential
equations of the form
dxi;j
dt
= kh xi−1; j + xi + 1; j + xi; j−1 + xi; j + 1
 
− 4kh + kf + kd
 
xi; j
−kqxi; j
kq = 0 no quencherð Þ
kq N 0 with quencherð Þ

ðB:1Þ
where xi, j is the excited-state population of the unit with lattice
coordinates (i, j). For the sake of simplicity the terms for inter-unit EET
of the diagonal array of two units are neglected because the rate is
expected to be slower by a factor of about eight according to the
Förster theory. In matrix form the system is written as
X˙ tð Þ = T⋅X tð Þ ðB:2Þ
where X(t) is a vector of the excited-state populations for all n2 units,
Ẋ(t) is its time derivative, and T is the transfer matrix (n2×n2)
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matrix diagonalization and the solution is a set of exponential functions
with rate constants equal to the eigenvalues of the transfer matrix.
Themodel allowsmapping the individual lifetimes for each unit in the
lattice (Fig. S7) and calculating the average excited-state lifetime. Thus,
the excited-state lifetimes can be calculated as a function of the EET and
quenching rates and on the quencher concentration and the results
compared with those gathered from quenching analysis of
the experimental data. For our test calculations we used a network
of 30×30 complexes characterized by excited-state decay rate kf+
kd=2.5 ns−1 (from the average lifetime of LHCII aggregates) and
quenchers bound to 11% of the complexes. Varying the “quencher
concentration” had a small quantitative effect on the obtained results.
From the simulated average lifetime τ, the effective quenching rate
constant was calculated as kQ=τ0/τ−1, where τ0=1/(kf+kd) (note
that this “apparent” constant kQ should not be confusedwith the intrinsic
quenching rate constant kq). The ratio kQ′ /kQ, equivalent to the
experimentally used measure for the domain size, was then obtained
by solving themodel oncewithEETpresent (kh≠0), todetermine kQ′ , and
once with disabled EET (kh=0). For the latter case also the deactivation
rate (kf+kd)waschanged to0.29ns−1, to simulate isolatedLHCII trimers.
Therefore it is inferred that during aggregation mainly (kf+kd) changes
due to formation of new quenching centres or dissipative quenching.
The simulation clearly showed that the ratio kQ′ /kQ depends on both
the EET rate constant kh and the intrinsic quenching constant kq. If one of
these rates is set to a sufﬁciently large (non-limiting) value, kQ′ /kQ
depends quasilinearly on the other rate constant (Fig. S8). Moreover, the
ratio kQ′ /kQ depends on the deactivation rates (kf+kd), which are
different for the connected and unconnected system. Let us ﬁrst consider
the case when kq is non-limiting. In order to obtain the experimentally
determined kQ′ /kQ=30, the rate constant of EETmust be about 1.5 ns−1.
This value is by far smaller thanwhat canbe expected [see e.g. ref. 53] and
certainly unrealistic.However, the quenching rate constant is likely also a
limiting factor thus the EET (hence domain size) may be signiﬁcantly
faster. At kq≈10 ns−1 and khN10 ns−1, the ratio kQ′ /kQ is practically
independent from kh but entirely limited by kq (Fig. S9). Rate limitation
by quenching can explain why different sample types, LHCII aggregates
and thylakoidmembranes, under different conditions (ion and osmolite)
appeared to have the same domain size. It can also explain why the
domain size can differ with the two different quenchers, like PPQ and
DNB.Without an independentmethod of determining the value of kq it is
impossible to estimate the actual kh, hence the real domain size.
Therefore, our experimental approach at present does not guarantee
reliable estimation of the domain size in all foreseeable scenarios—there
are special cases, as the one described above, where the underlying
theoretical assumptions of the method are not satisﬁed. However there
are several lines of evidence indicating that the quenching mode more
resembles the classical Stern–Volmer type, for which estimation of the
domain size would be valid. The main indication for this conclusion is
the ﬁnding that the Stern–Volmer plots are virtually linear at quencher
concentrations far exceeding the protein concentration. If speciﬁc high-
afﬁnity binding sites were responsible for the quenching, one would
expect that the curves exhibit saturation behaviour, which in fact is not
observed.
Appendix C. Supplementary data
Supplementary data to this article can be found online at
doi:10.1016/j.bbabio.2011.05.003.
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